ABSTRACT Expression of the transcription factor genes brachyury, Tbx2/3 and sall is characterized in detail for the first time in an indirectly developing spiralian with a feeding trochophore. In Hydroides elegans, gut formation proceeds by invagination during embryogenesis and is followed by feedingdependent posterior growth during larval stages. Posterior growth gives rise to the reproductive and segmented portion of the adult and derives primarily from multipotent dorsal blastomeres. Dorsal fate becomes morphologically evident at the 60-cell stage during spiral cleavage, although the timing of dorsal specification remains uncertain. Expression of brachyury anticipates the morphogenetic events associated with both gastrulation by invagination in the endoderm and ventral midline convergent extension in the ectoderm. The absence of brachyury expression in endoderm precursors previously reported in annelids that do not have feeding larvae suggests evolutionarily conserved roles associated with morphogenesis rather than endoderm specification. Synexpression of brachyury and FoxA in the blastopore of eumetazoans as well as in the secondarily formed anus of some protostomes and the mouth of deuterostomes suggests shared regulatory circuits during the formation of both oral and anal openings in protostomes and deuterostomes. Expression of sall during gastrulation, in the protonephridium, and in posterior growth zone precursors, also suggests evolutionarily conserved roles. The dorsal sides of the Hydroides and sea urchin embryos express Tbx2/3 in all three germ layer precursors, suggesting evolutionarily conserved dorsal regionalization functions. The results suggest specific gene usage during tubular gut formation, endoderm specification, dorsoventral specification and anteroposterior body elongation in the context of development by feeding larva.
Development by intermediate feeding-trochophore larva of the spiralian polychaete Hydroides elegans provides particular insight into the regulatory entities that control development in spiralians. Modern developmental biology studies have been initiated in various polychaetes that lack a feeding trochophore larva (Irvine & Martindale 2000; Denes et al., 2007; Frobius et al., 2008) . Nevertheless, substantial differences in the way feeding trochophores develop make their study relevant to better understand polychaete development and the evolution of its regulation. The tubular gut of feeding-trochophore larvae of indirectly developing polychaetes is formed by active endoderm invagination during embryogenesis ( Fig. 1 a) (Anderson 1966) . In contrast, in polychaetes with nonfeeding larvae, the larval "endoderm" is not an epithelium but consists of large cells full of yolk that are passively internalized by overlaying of the ectoderm, a process called epiboly, and the true one-way gut only forms long after the foregut and hindgut epitheliums have formed during non-feeding larval stages ( Fig. 1  b) (Anderson 1966; Fischer & Dorresteijn 2004; Boyle & Seaver 2008) . Polychaetes both with and without feeding larvae have a blastopore that partially closes along the ventral midline ( Fig. 1 ) (Woltereck 1904; Shearer 1911; Anderson 1966; Arenas-Mena et al., 2006; Arenas-Mena & Wong 2007) . Formation of the segmented portion of the body in polychaetes with feeding trochophores primarily derives from small multipotent precursors in the larva and is feeding-dependent (Anderson 1966; Arenas-Mena et al., 2007a) (Fig. 1A) . In contrast, polychaetes that lack a feeding trochophore have large yolky eggs that nourish the immediate proliferation of prominent posterior growth-zone (PGZ) precursors in charge of generating the segmented portion of the adult (Anderson 1966) (Fig 1B) . These PGZ precursors derive from 4d and 2d blastomeres located in the dorsal/posterior side of the embryo. Similar to the early cleavage in other indirectly developing polychaetes with feeding trochophores, the 4-cell embryo of H. elegans has blastomeres of equal size: A, B, C and D (Arenas-Mena 2007b); although, it is unknown if the fate of the dorsal quadrant (D) is already indistinguishable blastomeres. In clear contrast, the 4-cell embryos of polychaetes without feeding trochophores have a much larger D blastomere with invariable dorsal fates. These differences in developmental processes among polychaetes with feeding and non-feeding larvae should correlate with distinct temporal deployment of regulatory genes involved in posterior growth, In addition, similar gene deployment may exist among distant animals with similar biphasic development involving feeding ciliated larvae.
The transcription factor brachyury is generally involved in gastrulation (Arendt 2004) , Tbx2/3 is associated with (Gross et al., 2003) , and sall is associated with posterior growth (Copf et al., 2006) and gastrulation (Materna et al., 2006; Sweetman & Munsterberg 2006) . In this study, the expression of these transcription factors is characterized in the indirectly developing polychaete H. elegans.
Results

HeSall expression
sall/spalt (sall/salm) has been characterized in several bilaterians, including Drosophila (Copf et al., 1988; Barrio et al., 1996) , C. elegans (Toker et al., 2003) , vertebrates (Hollemann et al., 1996; Kohlhase et al., 1996; Buck et (Hatschek 1885; Shearer 1911; Wisely 1958; Anderson 1966; Arenas-Mena 2006; Arenas-Mena 2007b; Arenas-Mena et al., 2007b) . (B) Development of a nereid with non-feeding trochophore (Wilson 1892; Anderson 1966; Arendt 2004; Fischer & Dorresteijn 2004 (Anderson 1966 (Anderson 1966; Arenas-Mena 2007b). a, anus; at, apical tuft; bp, blastopore; cb, ciliary band; d, dorsal; fg, foregut; hg, hindgut; L, left; m, mouth; mg, midgut; o, oral; pa, prospective al., 2001) and an indirectly developing sea urchin (Materna et al., 2006) . Virtual translation of a cDNA isolated from H. elegans by with Sall/Salm sal and spalt) (Fig. 2) .
Expression of HeSall of 52-cell embryos (Fig. 3A) ; at this stage, a, b, c and d quadrants are indistinct (Arenas-Mena 2007a) , and are jointly designated as q for quadrant. The simultaneous nuclear staining (Fig. 3E ) allows characterized in detail up to the 80-cell stage (Arenas-Mena 2007b).
ticipates the division of 2q2 blastomeres, HeSall expression is also seen in all four 3q2 blastomeres (Fig. 3B) . Subsequently, there is a decline in expression in 2q2 blastomeres and their descendants (Fig. 3K , and optical sections not shown). Therefore, there is a shift in gene expression from more animal 2q2 blastomeres to more vegetal and adjacent 3q2 blastomeres. The 3q2 expression is more robust in 60-cell embryos (Fig. 3C) . In recently formed 64-cell embryos, expression now includes blastomeres adjacent to 3q2, that is, in 3q1 and 2q22 blastomeres (Fig. 3D) . In more advanced 64-cell embryos, when chromatin is fully decondensed (Fig. 3I) , a decline in expression is observed in 3d1 and 2a21 (out of focus in Fig. 3I ), which occupy nearly symmetrical positions relative to the sagittal plane. During incipient gastrulation stages, a ring of expression is seen in blastomeres that occupy the prospective blastopore rim (Fig. 3J ). The central blastomeres, which do not express HeSall (Fig. 3J ), start to ingress into the blastocoel (serial optical sections not shown); during this stage the identity of individual cells in the prospective blastopore cannot be unambiguously assigned, because gastrulation movements start to blur the invariant spiral-cleavage pattern that has been characterized up to the 80-cell stage (Arenas-Mena 2007a). Nevertheless, the HeSallexpressing ring of cells seems to include all 3q2 descendants and at least some of the 2a-c22 descendants. Blastomeres 4q and 2d22 express the gene during late cleavage stages (Fig. 3 L,Q) . The blastopore-associated expression of HeSall is maintained during early gastrulation stages (Fig. 4 A,E). During later gastrulation of the blastopore and remains high in the oral and aboral sides of the blastopore (Fig. 4 B,F) . Eventually, the expression further declines in the oral-side blastopore cells but remains high in the aboral-side blastopore cells (Fig. 4 C, D,G) . During these early gastrulation stages, the HeSall-expressing blastomeres apparently derive from blastomeres expressing the gene during the invariant spiral cleavage (Fig. 4 H) . The dynamic expression of HeSall around the blastopore rim is suggestive of morphogenetic functions associated with gastrulation. Similar association of sall expression with gastrulation was previously described in vertebrates and sea urchins (Materna et al., 2006; Sweetman & Munsterberg 2006) , suggesting an evolutionarily conserved morphogenetic role.
HeSall is later expressed in putative protonephridium precurdescendants in trochophore stages (Fig. 4 M-O) . The expression is rarely seen on the left and right sides simultaneously, suggesting transient and/or oscillatory expression (Fig. 4 I) . The protonephridia are thought to derive from left and right ectomesoderm derivatives that form a strand by proliferation toward the anal region (Shearer 1911) . The HeSall apparently differentiate into the elongated protonephridium cells of early trochophore larvae (Fig. 4O ). The expression of HeSall in protonephridium precursors has counterparts in other bilaterians; sall is involved in complex morphogenetic events related to the formation of diverse tubular organs in Drosophila and vertebrates. In vertebrates, one of the sall paralogs has an essential role in metanephros development by mediating ureteric tube interactions with nephron mesenchyme precursors (Nishihanakamura & Osafune 2006) (Farrell et al., 2001) , and, in the Drosophila tracheal system, sall is downstream of Wingless, and its absence The expression of HeSall described here would be compatible with developmental functions in the excretory organs of the polychaete larva, which would represent conservation of more general functions in nephridial precursors and tubular organ development in bilaterians.
HeSall is later expressed in cells that, by their position, are identito form the segmented portion of the adult. After aboral blastopore closure the number of mesenchyme cells expressing HeSall on the aboral side increases (Fig. 4 G-K), perhaps by proliferation of HeSall, gi|JX457836|; Am-blimp1, gi|37781470|; Xl-Xsal1, gi|1235931|; Dm-salm (spalt, sal), gi|2598394|; Xl-Xsal-3, gi|6172236| ; Mm-Sall 1 gi|38566278|; Am, Asterina miniata; Dm, Drosophila Melanogaster; Mm, Mus musculus; Xl, Xenopus laevis.
Xl-Xsal1
Xl-Xsal3 
Mm
HeSal
I C G R A F T T K R N L K T H M S V H R T R P S G Q M N H Q
C P V C Q K Q F T N V L L L Q E H V R M H V G Dm-salm I C G R A F T T K G N L K T H M A V H K I R P P M R N F H Q C P V C H K K Y S N A L V L Q Q H I R L H T G Xl-XSal3 I C G R A F S T K S N L K T H Y G V H R A N T P L K L Q H S C P I C Q K K F T N A V V L Q Q H I R M H M G Xl-Xsal1 V C G R A F T
T K G N L K T H F G V H R S K P P L R V Q H S C P I C Q K K F T N A V V L Q Q H I R M H M G Mm-Sall 1 I C G R A F T T K G N L K T H Y S V H R A M P P L R V Q H S C P I C Q K K F T N A V V L Q Q H I R M H M G Am-Blimp-1 V C T K S F T Q L A H L Q K H H L V H T G E K P ----H Q C E I C K K R F S S T S N L K T H L R L H S G
B
A already expressing cells. These cells are associated with ectoderm cells that also express HeSall (Fig. 4L ). The ectoderm of the PGZ of the trochophore larva expresses HeSall in bilaterally distributed cells (Fig. 4O , double arrowhead and 4P, arrowheads).
Brachyury expression
Brachyury is a T-box family transcription factor associated with morphogenetic functions across bilaterians and cnidarians (Arendt 2004) . Brachyury is involved in convergent extension rearranges by means of convergent-extension cell rearrangements that separate the mouth from the prospective anus in H. elegans and other indirectly developing polychaetes with a feeding trochophore (Anderson 1966; Arenas-Mena 2006) . Convergent extension in the ventral midline also moves the prospective mouth away from the prospective anus in the polychaete Platynereis dumerilii, and is similarly associated with the expression of brachyury . This second ectodermal phase of expression does have a counterpart in the ventral midline expression during the ab, aboral; ani, animal; vg, vegetal. rangements during gastrulation in bilaterians (Arendt 2004) , including convergent extension rearrangements during the formation of the sea urchin tubular gut (Hardin 1989) . The corresponding gene, HeBra, was isolated in H. elegans (Fig. 5) , and its expression is also found to be associated with gastrulation. Expression of HeBra -meres that lead gastrulation by invagination, (Fig. 6A ) and then in the adjacent peripheral blastomeres (Fig. 6 B-D) . Subsequently, HeBra expression declines in the central vegetal blastomeres while it is further enhanced in the peripheral blastomeres, with particular emphasis in the four 3q2 blastomeres (Fig. 6 C-E). This centrifugal sequence of activation followed by deactivation continues during gastrulation and results in transient HeBra expression in cells that enter and leave the blastopore during invagination . Thus, the expression declines in cells that are about to invaginate. HeBra expression in central vegetal blastomeres declines faster in the ventral-side blastomeres than in the dorsal-side blastomeres ( The expression of HeBra is also associated with morphogenetic events in the ectoderm. HeBra endt et al., 2001 ) and the gastropod Patella vulgata (Lartillot 2002) . In contrast, the early endodermal phase does not have a counterpart in the yolky and passive endoderm precursors of P. dumerilii (Arendt et al., 2001) and P. vulgata (Lartillot 2002) , further emphasizing a morphogenetic role rather than a germ brachyury. Thus expression of brachyury in H. elegans could be said to have earlier endodermal and later ectodermal phases, which are continuous in space and time and correlate with extensive morphogenetic rearrangements.
HeTbx2/3 expression
The transcription factor HeTbx2/3 is expressed in the dorsal half of the embryo in ectodermal, endodermal and mesodermal precursors through development (Fig. 7) . Dorsally restricted HeTbx2/3 staining is robust and generalized in 64-cell embryos (Fig. 7A) . Expression is initially detected in a few blastomeres occupying the dorsal midline ( Fig. 7 A-D) . Later in development, the expression remains centered in the dorsal midline, but is broader and also includes additional blastomeres in the animal and vegetal hemispheres ( Fig. 7 E-H) . The intensity of staining declines in vegetal areas during gastrulation, although general dorsal restriction continues during gastrulation in all three germ-layer precursors (Fig. 7 I-M) , with a slight rightward bias in the endoderm during early gastrulation and enhanced expression in cells at the dorsal side of the archenteron and abutting ectoderm ( Fig. 7 I-M) . In early trochophore larvae, expression remains high in dorsal-side apical sensory organ cells (Fig. 7N) , dorsal endodermal cells (Fig. 7 N-P) , putative posterior sensory organ precursors (Fig. 7 O,P) and adjacent hindgut (Fig. 7P ). Tbx2/3 has general dorsal expression in a directly developing hemichordate (Lowe et al., 2006) , and Tbx2/3 is expressed in the dorsal ganglia and optic cup of Xenopus embryos (Hayata et al., 1999) . The expression of HeTbx2/3 is generally similar to the expression reported for the corresponding gene in indirectly developing sea urchins, where it is expressed in aboral (dorsal) precursors of all three germ layers and has morphogenetic roles (Gross et al., 2003) . The expression of HeTbx2/3 is the embryo of Hydroides.
Discussion
The expression of genes associated with gastrulation is regulated differently in embryos that generate 
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B A feeding versus non-feeding larvae, as would be expected by their distinct gastrulation modes (Fig. 1) . (Fritzenwanker et al., 2004; Mazza et al., Fig. 6 . HeBra mRNA expression during embryonic and early trochophore larval stages. a, anus; ab, aboral; ani, animal; at, apical tuft; bp, blastopore; cb, ciliary band; D, dorsal; fg, foregut; hg, hindgut; L, left; m, mouth; mg, midgut; o, oral; R, right; V, ventral; vg, vegetal; v.m.l ., ventral midline. . In contrast, endodermal expression of brachyury is absent in polychaetes without feeding trochophores that do not form a one-way gut by invagination during embryogenesis. Expression of brachyury in endodermal precursors has not been detected in the passive yolky "endoderm" that is internalized by epibolic gastrulation in the mollusk P. vulgata (Lartillot 2002) or the polychaete P. dumerilii (Arendt et al., 2001 ) during the formation of its non-feeding trochophore larva. Similarly, the embryonic endodermal expression of HeOtx observed in H. elegans (Arenas-Mena & Wong 2007) has not been detected in the yolky "endoderm" of P. dumerilii (Arendt et al., 2001) . In contrast, hemichordates and sea urchins with feeding larvae exhibit a dynamic sequence of activation followed by deactivation of brachyury in a ring of endodermal precursors during gastrulation by invagination (Tagawa et al., 1998; Gross & McClay 2001) , similar to the pattern of brachyury expression in H. elegans. Therefore, the evolutionary comparison of gene expression brachyury.
For nomenclature and reconstruction of blastomere designations consult our previous report (Arenas-Mena 2007b). Nuclear staining required for blastomere designations not shown. Citations refer to further anatomical descriptions. (A) 60-cell embryo shows staining in vegetal 4Q blastomeres. Scale bar for this and subsequent panels. (B) 64-cell embryo with expression in 5Q, 5q and 3q2 blastomeres. (C) 64-cell embryo with declining 5Q (out of focus) and 5q expression and strong expression in 3q2 blastomeres. Staining in oral-side blastomeres 3a2 and 3b2 is lighter than staining in aboral-side blastomeres 3a2 and 3d2. (D) Nearly sagittal section of a 64-cell embryo. (E) Oblique optical section of a 68-cell embryo that has already lost expression in 5Q and 5q blastomeres. Expression declines in ventral-side 3b2 (and 3c2, out of focus), but remains high in 3d2 (and 3a2, out of focus). (F) 72-cell embryo seen from the vegetal hemisphere. Expression is detected in aboral-vegetal blastomeres in the left and right flanks, arrowheads. (G) Early gastrula embryo. Expression is detected in left and
Brachyury and FoxA form an evolutionarily conserved synexpression group in the blastopore of protostomes, deuterostomes and cnidarians (Fritzenwanker et al., 2004) . Both in Hydroides and sea urchin embryos, the areas of endoderm and ectoderm that will fuse to form the respective secondary gut openings are also anticipated by FoxA expression (Arenas-Mena 2006; Oliveri et al., 2006) . Furthermore, brachyury expression is maintained during the early larval stages in the hindgut/anus of Hydroides (Fig. 6P) and foregut/mouth of sea urchins (Gross & McClay 2001) . Therefore, it seems that Brachyury and FoxA are required at the boundary of endoderm and ectoderm during the formation of both mouth and anus in protostomes and deuterostomes (Fig. 8) .
The expression of HeSall in the PGZ suggests there are ancestral regulatory roles associated with posterior growth, which may include conserved Hox cluster gene regulatory functions. Hox cluster gene expression is associated with patterning and controlling anteroposterior elongation across bilaterians, but Hox cluster expression is relegated to the postembryonic feeding-dependent (in red) as indicated. an, anus; ani, animal; at, apical tuft; bp, blastopore; cb, ciliary band; c.b.g, ciliary band gap; D, dorsal; fg, foregut; hg, hindgut; L, left; m, mouth; mg, midgut; R, right; V, ventral; vg, vegetal. Peterson et al., 2000) (Fig. 8) . The regulatory functions of sall and Hox transcription factors apparently overlap and/or interact during developmental processes in several bilaterians. In Drosophila, salm and tail structures in conjunction with Hox genes (Kuhnlein et al., 1994; Toker et al., 2003) ; in chicken, sall is expressed in the tail bud (Farrell et al., 2001) ; in C. elegans, a posterior role of a sall homolog is mediated by repression of the posterior Hox gene egl-5 (Jurgens 1988) ; in the crustacean Artemia franciscana, sall depletion triggers derepression of various Hox genes in the PGZ (Copf et al., 2006) . The expression of Hox cluster genes has not been characterized in Hydroides, but extrapolation from previous characterizations in nereids (Kulakova et al., 2007) anticipates their expression in the PGZ or in immediate derivatives.
HeSall is associated both with gastrulation and PGZ precursors, but the developmental processes involved do not seem continuous in space and time. Gastrulation and anteroposterior elongation are clearly independent from each other in bilaterians with feeding ciliated larvae (Fig. 8) . Gut formation precedes posterior growth in polychaetes with feeding larva. On the contrary, in polychaetes without feeding larvae, posterior growth precedes gut formation, which is postponed to late larval stages (Fig. 1) . Accordingly, the embryos of polychaetes without feeding larvae have a relatively larger investment in adult fates, and enlarged 4d and 2d adult precursors that form the proliferative PGZ during embryogenesis (Fig.  1B) , whereas the embryos of polychaetes with feeding larvae have a relatively larger investment in larval fates: nearly all blastomeres contribute to the larva except for the small blastomeres 4d and 2d that contribute primarily to the adult during the feeding-dependent developmental phase (Fig. 1A) . The distinction between gastrulation and posterior growth may not be so apparent in polychaetes without feeding trochophores because posterior growth is initiated during embryogenesis (Anderson 1966) . Platynereis is a polychaete without a feeding trochophore, and it has been shown that its early elongation along the ventral midline proceeds by convergent extension . Nevertheless, it remains uncertain if the simultaneously initiated posterior growth is a continuation of the midline convergent extension or a completely different developmental process in Platynereis.
The expression of Tbx2/3 suggests the possibility of ancestral regulatory entities that subdivide protostome and deuterostome embryos into homologous ventral and dorsal sides (Fig. 8) . The dorsal expression of HeTbx2/3 in all three germ layers is similar to the expression reported in sea urchins where its morphogenetic function has been demonstrated (Gross et al., 2003) . Similarly, the ventral side of the blastopore also has a clear bias for the expression of the transcription factor FoxA in H. elegans and in indirectly developing sea urchins (Arenas-Mena 2006; Oliveri et al., 2006) . Furthermore, protostome (Arendt et al., 2001 ) and deuterostome (Duboc et al., 2004) embryos express the transcription factor goosecoid in their the ventral-oral side, and in sea urchins goosecoid represses Tbx2/3 expression (Croce et al., 2003) . The nerve chord is dorsal in chordates and ventral in many protostomes, and it has been suggested that regulatory gene usage favors their homology (Denes et al., 2007) , although alternative interpretations have been proposed (van den Biggelaar et al., 2002) . The Bmpalso present in ciliated larvae of protostomes and deuterostomes urchin embryos that, nevertheless, do not contribute to a central nerve chord (Angerer et al., 2000; Yaguchi et al., 2006) . The signaling ligand Bmp2/4 is expressed in the ventral (oral) side of sea urchin embryos, but its overexpression promotes dorsal (aboral) fates (Angerer et al., 2000) . Therefore, Bmp2/4 remains a dorsalpromoting signal in the larval context of protostomes (Denes et al., 2007) and deuterostomes (Duboc et al., 2004) , although its source originates from dorsal and ventral sides, respectively. Thus the functions and expression of Bmp2/4 and Tbx2/3 apparently relate to between protostome and deuterostomes. Nevertheless, because there is no obvious equivalent of a nerve chord in protostome should be distinct from regulatory entities controlling the formation of nerve chords in protostomes and deuterostomes when present.
The modular nature of development (Carroll 2001) Hox/PGZ vector. at, apical tuft; cb, ciliary band; D, dorsal; V, ventral. independent evolution of developmental processes. Tubular gut neural tube development and anteroposterior body elongation are associated with particular sequences of regulatory gene deployment in the context of feeding and non-feeding larval development among bilaterians. Future functional analysis will decipher the regulatory entities controlling these processes and perhaps allow their evolutionary reconstruction along lineages leading to indirect and direct development (Sly et al., 2003) .
Materials and Methods
Protocols, reagents and methods utilized in this manuscript have been previously described ( C. Rehydration in MOPS buffer was followed by a 3-hour prehybridization at 50 C in the same buffer with digoxigenin-UTP-labeled probes at 0.1 ng/ l for one week at 50 C. Excess probe was removed after 3 washes in MOPS buffer with a 3-hour incubation under hybridization conditions. The samples were blocked with 10 mg/ml BSA in MOPS buffer for 20 minutes at room C for 30 minutes in MOPS buffer. Incubation of anti-digoxigenin Fab fragments conjugated to alkaline phosphatase (Roche Molecular Biochemicals, Indianapolis, IN) was done at 1/2000 dilution, and the samples were develSimultaneous nuclear staining of the embryos with DAPI and visualization of multiple optical serial sections (not shown) revealed in each case the spiral cleavage previously described in this species (Arenas-Mena 2007b) . Additional diagrams that help understand the anatomy of H. elegans and its invariant cleavage can be found in previous publications (Arenas-Mena 2006; Arenas-Mena 2007b; Arenas-Mena et al., 2007b) .
